hand, the ground state takes a high spin multiplicity from nonet (Mn) to triplet (Ni). The η 2 -side-on coordination structure of the dinitrogen ligand is as stable as the η 1 -end-on one in the Mn complex but the η 1 -end-on structure is more stable than the η 2 -side-on one in the Fe to Ni complexes. All these interesting similarities and differences between ethylene and dinitrogen ISTCs and between the early and late transition metal elements arise from occupations of several important molecular orbitals.
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Though the CASSCF-calculated value is close to the experimental value, the CASPT2-calculated value is somewhat smaller than the experimental one (4.2 μ B ); several factors must be examined in furture. 39 Based on these results, it is concluded that the ethylene ISTC of Cr(I) has a D2h structure with an open-shell singlet ground state, while the energy and the geometry are similar among the singlet to the nonet.
Comparisons of geometry and spin multiplicity of ethylene and dinitrogen

ISTCs, (μ-C2H4)[M(AIP)]2 and (μ-N2)[M(AIP)]
2, among M = Sc to Ni. Interestingly, the geometry completely changes when going from the ethylene ISTC of Cr to a Mn analogue. In the Mn analogue, the D2h structure is much more unstable than the C2h one, as shown in Table 1 . In the C2h structure, the distances between the Mn and the ethylene carbon atoms are 2.18 and 3.12 Å, indicating that the ethylene coordinates with two Mn atoms in a μ-η 1 :η 1 -structure. This coordination structure is similar to that of the benzene ISTC of Ni(I) in which three carbon atoms of benzene coordinate with one Ni atom and the other three carbon atoms coordinate with the other Ni atom. 19 And also in the benzene ISTC of Nb, four carbon atoms coordinate with one Nb atom the other two coordinate with another Nb atom. 25 Despite of the difference in geometry, the ground state has a singlet spin multiplicity and the energy difference among the singlet to the undectet spin states is small like in the above-discussed Cr analogue. These results suggest that interesting similarities and differences are found between the early (Sc to Cr) and late (Mn to Ni) transition metal complexes, which will be discussed below in more detail.
As shown in Table 1 , we investigated both C2h and D2h geometries in the other ethylene ISTCs (μ-C2H4)[M(AIP)]2 because (μ-C2H4)[Cr(AIP)]2 has a D2h geometry but the Mn analogue has a C2h one. The Sc to V complexes have a D2h structure like the Cr complex, whereas the Fe to Ni complexes have a C2h structure like the Mn complex.
Interestingly, the ground states of all these complexes have an open-shell singlet spin multiplicity despite of the different geometry. It is noted that the highest spin multiplicity whose energy is close to that of the ground state increases from triplet to undectet when going from Sc to Mn and then decreases from undectet to quintet when going from Mn to Ni. This is completely different from the benzene ISTCs of the first-row transition metal elements, in which the spin multiplicity of ground state increases from closed-shell singlet to nonet when going from Sc to Mn and then decreases to open-shell singlet when going to Fe. 26 Also, it should be noted that the energy difference between these spin multiplicities is very small in these ethylene ISTCs like the dinitrogen ISTC of Cr; 28 see Table 1 . This is different from the benzene ISTC in which the energy difference between spin multiplicities is considerably large.
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In the dinitrogen ISTCs, (μ-N2)[M(AIP)]2 (M = Sc to Ni), we investigated relative energies of various spin states in both of η 1 -end-on and η 2 -side-on coordination structures, as listed in Table 2 . In the dinitrogen ISTCs of Sc to Cr (the early transition metal elements), the η 2 -side-on coordination structure is considerably more stable than the η 1 -end-on one. The ground state takes an open-shell singlet spin multiplicity and the energy difference between the singlet and other spin states is very small in these Sc to Cr complexes. When going from Sc to Cr, the highest spin multiplicity whose energy is close to that of the singlet increases from triplet to nonet like that of the ethylene ISTCs of Sc to Cr. These similarities between ethylene and dinitrogen ISTCs are listed in Table S5 in SI.
In the dinitrogen ISTC of Mn, the stabilities of the η 1 -end-on and the η 2 -side-on structures are comparable. In the dinitrogen ISTCs of Fe to Ni, the η 1 -end-on structure is somewhat more stable than the η 2 -side-on one. The ground state has a high spin multiplicity and the energy difference between spin states is large in these Mn to Ni complexes, as compared in Table S5 . The next work is to elucidate the reasons of these similarities and differences, which will be discussed below. to ψ 9,b2u MOs are nearly non-bonding and thereby nearly degenerate. Because the Cr(I) has five d electrons, totally ten d electrons occupy these MOs. Hence, the most stable ψ 1,b2g is doubly occupied and the ψ 2,b1u to ψ 9,b2u are singly occupied; see Figure 3 (A). It should be noted that the ψ10,b3u mainly consisting of the Cr dyz orbital is empty. In such electronic state, one-electron excitation from the ψ 1,b2g to the unoccupied ψ11,b2g MO does not induce the exchange interaction with the ψ10,b3u. This means that a high spin state is not stabilized well by spin polarization. This explanation will be discussed in more detail by a model calculation below; see section 3.4.3. In the benzene ISTC of Cr, on the other hand, non-bonding d MOs are singly occupied, which is favorable for a high spin state because the spin polarization can be induced by these MOs; see page S9 ( Figure S3 ) in the supporting information.
Because the ground state has an open-shell singlet spin multiplicity, four electrons of the ψ 2,b1u to ψ 9,b2u have an α-spin and the other four electrons have a β-spin.
In such case, the energy differences between two spin states are very small because these eight electrons afford singlet, triplet, quintet, septet, and nonet spin states through various combinations, as has been shown in Table 1 . Though both of the ψ 6,b1u and ψ 7,ag mainly consist of the metal dz2 orbital and both of the ψ 8,b3g and ψ 9,b2u mainly consist of the metal dxz orbital, the occupation numbers of the ψ 6,b1u and ψ 8,b3g are moderately larger than those of the ψ 7,ag and ψ 9,b2u , respectively, as shown in Figure 3 In the open-shell singlet state, the larger occupations of the ψ 6,b1u and ψ 8,b3g than those of the ψ 7,ag and ψ 9,b2u are possible, while the occupation numbers of all these orbitals are 1.0 in the high spin state. As well known, the high spin state is favorable for stabilizing the compound by exchange interaction but unfavorable for the stabilizing the compound by orbital occupation. It is likely concluded that the open-shell singlet ground state of this ethylene ISTC of Cr receives the stabilization energy by larger occupations in the ψ 6,b1u
and ψ 8,b3g than in the ψ 7,ag and ψ 9,b2u .
The occupation numbers of CASSCF natural orbitals of (μ-C2H4)[M(AIP)]2 (M = Sc to Ni) in the ground state are shown in to ψ 7,ag are singly occupied in a formal sense, the ψ 6,b1u has a moderately larger occupation number than the ψ 7,ag like in the Cr complex. The ψ 4,au has a larger occupation number than the ψ 5,b1g , too, because the ψ 4,au is completely non-bonding but the ψ 5,b1g contains a weakly anti-bonding overlap between the dxy orbital of V and the C-H σ-bonding orbitals of ethylene; see Figure S4 (C) in SI.
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In the Ti complex, totally six d electrons occupy these MOs; the most stable ψ 1,b2g is doubly occupied and the ψ 2,b1u to ψ 5,b1g are singly occupied, too. The non-bonding ψ 2,b1u and ψ 4,au have a moderately larger occupation number than the ψ 3,ag and ψ 5,b1g , respectively.
In the Sc complex, four d electrons occupy these MOs; the most stable ψ 1,b2g is doubly occupied, and the remaining two electrons occupy the ψ 2,b1u and ψ 3,ag . The ψ 3,ag has a moderately larger occupation number than the ψ 2,b1u because the ψ 3,ag becomes moderately bonding due to the larger size of 3d orbitals in Sc; see Figure S4 (D). 40 Hence, the open-shell singlet is the ground state in these Sc to V complexes.
The ethylene ISTCs of Mn to Ni have a singlet ground state, too, as was shown in Table 1 . However, the geometry is very different from those of the Sc to Cr complexes, as discussed above; see also Table S5 . It is of considerable interest to elucidate the reason why the spin multiplicity is the same but the geometry is very different from those of the Sc to Cr complexes. In the Mn complex, two more d electrons must be added to these
MOs, compared to the Cr complex. In this case, we have to consider two possibilities; in one possibility, the ψ 10,bu and ψ 11,ag MOs become singly occupied, and in another, the ψ 2,bu result, the dπ-π* bonding interaction becomes weaker as going from Mn to Ni. On the other hand, the σ-donation-type charge-transfer (CT) from the lone pair of dinitrogen molecule to the 3dσ, 4s, and 4pσ orbitals becomes larger. Since the lone pair orbital of dinitrogen ligand overlaps with the metal 3dσ, 4s, and 4pσ orbitals to a larger extent than the π orbitals of dinitrogen, the η 1 -end-on structure can receive a larger stabilization energy from this σ-donation than the η 2 -side-on one. Because of this additional contribution of the σ-donation, the η 1 -end-on structure is somewhat more stable than the η 2 -side-on one in the Fe to Ni complexes.
Electron and spin distributions in (μ-N2)[M(AIP)]2 and (μ-C2H4)[M(AIP)]2 (M = Sc to Ni).
We performed CASCI calculation with localized MOs to make a detailed analysis of electron and spin distributions on the N2 and M(AIP) moieties. The electron populations of the π* orbitals of dinitrogen and ethylene moieties moderately increase when going from Sc to Cr, as shown in Table 5 . Then, their electron populations significantly increase in both of ISTCs of ethylene and dinitrogen when going to Mn but change little when going from Mn to Ni. This feature is of considerable interest.
In the ethylene ISTCs of Sc to Cr, the π* orbital is not doubly occupied but becomes doubly occupied in the ISTCs of Mn to Ni, as was discussed above. In the η 2 -side-on dinitrogen ISTCs of Sc to Cr, only one πz* orbital participates in the π-back donation, which has almost one electron. However, the other πx* orbital possesses little electron population because it participates in the δ-type MO; see Table 5 . In the dinitrogen ISTCs of Mn to Ni, the ψ 1,b2g and ψ 2,b3g MOs, which participate in the π-back donation, become doubly occupied because the number of d electrons increases. Thereby, each of πx* and πy* orbitals has almost one electron. As a result, the electron populations of the π* orbitals of ethylene and dinitrogen significantly increase when going from Cr to Mn. However, they change little when going from Mn to Ni, because some of singly-occupied nonbonding d MOs become doubly occupied when going from Mn to Ni.
The spin distribution is much interesting, too. In both of the ethylene and dinitrogen
ISTCs of Sc to Cr, the spin population on the sandwiched ligand is negligibly small even in the high spin state. In the dinitrogen ISTCs of Mn to Ni, on the other hand, a significantly large negative spin population is found on the dinitrogen ligand, while it is nearly zero in their ethylene analogues; see Table S5 . We will discuss the reason of this difference in the next section.
Difference and similarity between ethylene and dinitrogen ISTCs of M = Mn to
Ni.
The reason of all the differences shown in Table S5 will be discussed below based on some of important orbitals. ISTCs of Mn to Ni arises from the presence of the singly occupied ψ 11,ag MO, as was discussed above. In the η 1 -end-on dinitrogen ISTCs of Mn to Ni, on the other hand, the anti-bonding ψ 12,b2g is unoccupied in a formal sense, as shown in Figure 4 (B); note that the moderate occupation number (about 0.6 e) of the ψ 12,b2g arises from one-and twoelectron excitations from the ψ 1,b2g to the ψ 12,b2g . This electron configuration arises from the presences of one more bonding ψ 2,b3g MO and one more anti-bonding ψ 11,b3g MO in the dinitrogen ISTCs; remember that two π x* and π y* orbitals of the dinitrogen ligand interact with the dxz and dyz orbitals of two metal centers to form two sets of bonding and anti-bonding MOs in the η 1 -end-on complex. The other reason is the difference in π* orbital energy between dinitrogen and ethylene. Because the dinitrogen molecule has a triple bond, the π* orbital exists at a higher energy than that of ethylene. As a result, the ψ 11,b3g and ψ 12,b2g of the η 1 -end-on dinitrogen ISTCs mainly consisting of the π* orbitals of dinitrogen exist at a higher energy than the ψ 11,ag of the ethylene ISTCs: see Table S7 in SI. Because of these situations, one more electron can occupy not the ψ 11,b3g but the ψ 2,b3g when going from Cr to Mn in the case of the η 1 -end-on dinitrogen ISTCs; see Figure   4 (B). Thus, the ψ 11,b3g MO does not become singly occupied in the dinitrogen ISTC of Mn.
In the Fe analogue, two more electrons occupy the ψ 3,b1u and ψ 4,ag because the anti-bonding ψ 11,b3g and ψ 12,b2g MOs are at high energy. In the Co complex, two more electrons occupy ψ 5,au and ψ 6,b1g . In the Ni complex, two more electrons occupy ψ 7,b1u and ψ 8,ag . In all these complexes, the anti-bonding ψ 11,b3g and ψ 12,b2g are empty in a formal sense. Because the ψ 11,b3g and ψ 12,b2g are unoccupied, there is no reason for the geometry distortion in these dinitrogen ISTCs.
Spin multiplicity and spin population on the bridging ligand. It is of considerable interest to elucidate the reason why the ground state of the dinitrogen ISTCs
has an open-shell singlet spin multiplicity for M = Sc to Cr but a high spin multiplicity for M = Mn to Ni, as discussed above; see also Tables 2 and S5 . In the dinitrogen ISTCs of Mn to Ni which have a singly occupied non-bonding ψ10 MO, the second and third leading configurations of the CASSCF wavefunction contain one-electron excitations from the doubly occupied ψ 1,b2g and ψ 2,b3g to the empty ψ 11,b3g and ψ 12,b2g ; see Table S8 in SI. These excitations increase ß-spin density on the dinitrogen πx* and πy* orbitals and the α-spin one on the dxz and dyz orbitals. 42 Because two α-spin electrons occupy ψ 9,b2u
and ψ 10,b3u MOs mainly consisting of the metal dxz and dyz in these complexes, the abovementioned excitations increase the exchange interaction on the metal centers; in other words, the presence of the singly occupied ψ 9,b2u and ψ 10,b3u induces the one-electron excitation from the ψ 1,b2g and ψ 2,b3g to the ψ 11,b3g and ψ 12,b2g so as to increase the α-spin population on the metal centers and enlarge the exchange interaction.
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In the dinitrogen ISTCs of Sc to Cr, on the other hand, the above-mentioned oneelectron excitation does not necessarily occur because the non-bonding ψ 10,b3u (dyz) MO is unoccupied due to the smaller number of d electrons. Hence, the spin polarization is not induced and the negative spin population does not appear on the dinitrogen ligand.
Because of the absence of spin polarization, the high spin state does not receive additional stabilization from the exchange interaction. This is one reason why the ground state does not have high spin multiplicity. In contrast to the dinitrogen ISTCs of Mn to Ni, no spin population is found on the π* orbital of ethylene in all ethylene ISTCs even at a high spin state; see Tables 5 and   S5 . In the ethylene ISTCs of Sc to Cr, the ψ 10,b3u MO mainly consisting of the dyz is empty in a formal sense. In this electronic structure, one-electron excitation from the ψ 1,b2g to the anti-bonding ψ 11,b2g does not enhance the exchange interaction with the ψ 10,b3u . In other words, the spin polarization does not occur and thereby the high spin state is not stabilized well. In the ethylene ISTC of Mn, the ψ 1,b2g MO mainly consisting of the π* orbital of ethylene is doubly occupied and all other non-bonding and anti-bonding d MOs are singly occupied. Thus, the excited configuration from the ψ 1,b2g to the anti-bonding ψ 11,b2g MO does not increase the number of singly occupied MO not to contribute to the increase in α-spin population on the metal d-orbital; in other words, the spin polarization does not occur, too, leading to the absence of negative spin population on the ethylene moiety.
In the ethylene ISTCs of Mn to Ni, not a high spin state but an open-shell singlet is the ground state, despite that ten to four MOs consisting of d orbital are singly occupied in these Mn to Ni complexes. Such orbital occupation suggests that these complexes would have a high spin ground state. However, we must remember that the M-M distance is considerably long in these ethylene ISTCs because the ethylene coordinates with two metal centers in μ-η 1 :η 1 -mode in which the ethylene carbons have an sp 3 -like structure;
see Figure 2 . In this structure, it is likely that the exchange interaction between two distant metal centers is very small and thereby there is no reason that the high spin state is the ground state. Moreover, the spin-polarization does not occur; see above. As a result, the open-shell singlet becomes the ground state, while the energy difference between the open-shell singlet and the high spin state is very small.
The evidence of the important role of a singly occupied non-bonding d orbital.
In the above section, we discussed that the non-bonding MOs mainly consisting of dyz and dxz play crucial roles in inducing spin polarization and thereby providing a high spin ground state. However, no evidence was presented. To provide a theoretical evidence of the above discussion, we carried out several model calculations. If the above explanation is correct, the ground state of the ethylene ISTC of Cr must have a high spin multiplicity by adding one electron to the non-bonding ψ 10,b3u . Also, the ground state of the ethylene ISTC of Mn must have a high spin multiplicity by removing one electron from the ψ 11,b2g
because one-electron excitation from the ψ 1,b2g to the ψ 11,b2g can occur in such electronic these spin states. If the singlet and the triplet states become unstable by 1.2 kcal/mol and the septet and the nonet states become stable by 1.2 kcal/mol, the magnetic moment is estimated to be 3.6 μ B , which is close to the experimental value. Considering the size of active space, the geometry of model, the neglect of solid phase effect, and the complicated electronic structure of (μ-C2H4)[M(AIP)]2, an error of 1 -2 kcal/mol is not very large.
(b) Another plausible origin of the too small effective magnetic moment would be the difference between the optimized and experimental geometries. However, the CASPT2 calculation with the experimental geometry provided an effective magnetic moment of 1.5 μ B , which is almost the same as the value calculated with the optimized geometry; see Table S4 in SI. Table 4 . Several excited configurations from the ψ 1,b2g and ψ 2,b3g to the ψ 11,b3g and ψ 12,b2g considerably contribute to the wavefunction.
42 The sixth and seventh configurations consist of one-electron excitation of α-spin from the ψ1 and ψ2 to the ψ11 and ψ12, the CI expansion coefficients of which are reverse to those of the third and the second terms; see Table S8 . As a result, α-spin population increases on metal d orbitals and ß-one increases on ethylene in all these excited configurations.
43 The ψ 1,b2g and ψ 12,b2g consist of dyz and πy* orbitals and the ψ 2,b3g and ψ 11,b3g consist of dxz and πx* orbitals in the η 1 -end-on, as shown in Figure 4 (B). Because the ψ 10,b3u and ψ 9,b2u have the same d orbital compounds as the ψ 1 /ψ 12 and ψ 2 /ψ 11 , respectively, the Electron 0.98 1.00 1.11 1.13 2.00 2.00 2.00 2.00 Spin −0.01 −0.03 −0.03 −0.05 0.00 0.00 0.00 0.00 a) In the Ti and V complexes, the N2 πx* MO was excluded from active space in this analysis because the N2 πx* MO mix to metal 4dxy orbitals. b) The experimental value of (μ-C2H4)[Cr(DDP)]2.
